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Abstract 


The  Cannon-Caliber  Electromagnetic  Gun  (CCEMG)  Program  is  a  major  effort  toward 
proving  the  viability  of  electromagnetic  (EM)  weapons  for  future  use  by  the  armed  services. 
Crucial  to  the  success  of  the  program  are  the  operational  characteristics  of  the  laxmcher  and  the 
integrated  launch  package  (ILP),  which  consists  of  an  armature/sabot  and  a  subprojectile.  To 
date,  39  shots  have  been  fired  at  the  U.S.  Army  Research  Laboratoiy  (ARL)  using  a  1.6-MJ 
capacitor  bank  and  CCEMG  Launcher  Ha.  Free-flight  aerodynamic  data  indicated  that  the 
subprojectile  has  adequate  in-flight  stability.  An  analysis  of  the  transitional  ballistic  process  has 
been  performed  to  quantify  the  contributors  to  the  total  launch  disturbance.  The  jump 
component  dispersion  and  target  impact  dispersion  are  larger  in  the  vertical  direction  than  in  the 
horizontal  direction.  In  the  vertical  direction,  the  center  of  gravity  and  aerodynamic  jump 
contributions  are  dominant  and  roughly  equal  In  the  horizontal  direction,  the  sabot  discard  is 
the  dominant  jump  component.  Round-to-round  dispersion  was  computed  over  a  wide  range  of 
laimch  velocities  based  on  downrange  impact  locations.  Impact  data  on  armor  were  limited,  but 
nonetheless  indicated  that  the  round  is  capable  of  meeting  the  CCEMG  system  requirements. 
The  results  presented  here  represent  the  first  known  experimental  assessment  of  these  parameters 
obtained  firom  EM  railgim  firings. 
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1.  Introduction 


The  Cannon-Caliber  Electromagnetic  Gun  (CCEMG)  Program  is  jointly  sponsored  by 
the  U.S.  Army  Armament  Research,  Development,  and  Engineering  Center  and  the  U.S. 
Marine  Corps.  A  primary  goal  of  the  CCEMG  program  is  the  successful  demonstration 
of  a  multishot  weapon  based  on  electromagnetic  (EM)  gun  technology.  The  University 
of  Texas,  Center  for  Electromechanics  (UT-CEM)  is  tasked  with  the  pulsed  power  supply 
(PPS),  launcher,  and  armature  development,^’  2. 3  and  Kaman  Science  Corporation  is  tasked 
with  the  development  of  the  Integrated  Launch  Package  (ILP).^  The  U.S.  Army  Research 
Laboratory  (ARL)  was  responsible  for  assessing  single-shot  performance  of  the  launcher  and 
ILP.  This  report  documents  the  results  of  the  single-shot  testing  performed  at  the  EM  Facility 
at  the  ARL  Transonic  Experimental  Facility  (TEF),  Aberdeen  Proving  Ground  (APG),  MD. 

The  essential  features  of  a  simple  electromagnetic  launcher  (EML)  are  illustrated  in 
Figure  1.  A  current  is  applied  to  a  parallel  pair  of  conducting  rails.  The  rails,  with  a  parallel 
pair  of  insulators  orthogonal  to  the  rail  pair,  form  the  bore  cross  section.  A  conductor,  which 
is  free  to  slide  between  the  rail  pair,  completes  the  circuit  and  also  carries  the  same  current. 
The  moving  conducting  element  is  called  the  armature.  The  cross  product  between  the 
armature  current  I  and  the  magnetic  induction  field  B  produced  in  the  bore  results  in  a  force 
tending  to  expand  the  current-carrying  loop  that  leads  to  the  acceleration  of  the  armature. 
The  force  accelerating  the  armature  can  be  found  from  the  gradient  of  the  magnetic  energy 
Em  associated  with  the  current-carrying  loop. 

F  =  -VEm  (1) 


Figure  1.  Schematic  illustration  of  a  simple  railgun. 
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The  gradient  of  the  magnetic  energy  can  also  be  written  in  terms  of  the  current  I  and 
the  gradient  of  the  inductance  in  the  direction  of  armature  acceleration. 

F  =  ^L'l^  (2) 

The  inductance  gradient  U  can  be  computed  from  the  conductor  and  bore  geometries  with 
sufficient  accuracy  for  most  configurations  of  interest. 5  In  the  CCEMG  launcher,  an  extra 
conductor  located  behind  each  bore  rail  is  connected  electrically  in  series  with  the  rails. 
The  extra  conductors  form  a  loop  (i.e.,  turn)  traversing  the  length  of  the  launcher  and 
augmenting  the  magnetic  field  in  the  bore.  The  result  is  an  increase  in  the  inductance 
gradient.  This  beneficial  increase,  however,  is  diminished  by  the  additional  resistance  of  the 
augmenting  turn.  Nonetheless,  the  CCEMG  launcher  has  managed  these  effects  through 
efficient  conductor  topology,  bore  geometry,  and  pulsed-power  considerations  to  produce 
highest  railgun  efficiency  to  date.  2 

Early  in  the  design  process,  an  optimization  code®  was  developed  (EXCALIBER)  to 
identify  ideal  EML  system  parameters  such  as  the  launcher  and  ILP  geometry  and  the 
power  supply  configuration.  This  code  is  based  on  a  “breech-to-target  approach^^  using 
terminal  performance  at  range  and  PPS  mass  and  volume  to  determine  viable  systems.  The 
optimization,  using  CCEMG  statement  of  work  (SOW)  parameters  (Table  1),  resulted  in  a 
rectangular  bore  cross  section.  The  CCEMG  armature  serves  two  functions;  first,  it  carries 
the  accelerating  current  and,  second,  it  distributes  the  accelerating  force  to  the  subprojectile 
along  a  large  portion  of  its  length.  As  such,  the  armature  must  be  discarded  after  launch 
much  like  a  conventional  sabot.  This  dual-purpose  armature/sabot  makes  contact  with  the 
rail  at  two  distinct  places  (tandem  contact),  is  all  aluminum,  and  has  a  rectangular  cross 
section.  The  launch  package  mass  computed  from  EXCALIBER  is  180  g:  90-g  armature  and 
90-g  subprojectile. 


Table  1.  CCEMG  SOW  Requirements. 


SOW  Requirement 

Armor  Penetration,  at 
56®  obliquity 

131  mm  RHA  @1.5  km 

66  mm  RHA  @3  km 

Caliber 

20  to  40  mm 

Firing  Rate 

300  to  400  rounds  per  minute 

Salvo  Size 

5  to  7  rounds 

Time  Between  Salvos 

2-2.5  s 

Probability  of  Hit 

0.9 

System  Weight 

5,000-lb  maximum 

Weapon  Platform 

Compatible  with 
Amphibious  Assault  Vehicle 
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The  “series-augmented”  launcher  is  2.25  m  long.  Only  the  first  1.85  m  of  the  gun  is 
augmented.  The  railgun  bore  geometry  is  rectangular  -  17.5  mm  x  39  mm  (Figure  2).  The 
CCEMG  railgun  incorporates  several  unique  features:  ceramic  sidewalls,  internal  preloading, 
and  chromium  copper  rails. 


COOLING  PASSAGES 


CERAMIC  SIDEWALL 
MAIN  RAIL 

AUGMENTING  TURN  RAIL 


Figure  2.  CCEMG  launcher  cross  section. 

Directional  preloading  mechanisms  called  “flat jacks”  located  between  the  main  and 
augmenting  rails  (Figure  2)  are  utilized  to  counter  EM  loading  and  maintain  a  compressive 
state  in  the  alumina  ceramic  sidewalls  (AD-96  alumina).  The  success  of  the  launcher  design 
depends  heavily  on  the  flatjacks’  ability  to  apply  pressure  to  the  main  rails  so  that  the  ceramic 
sidewalls  remain  in  compression  throughout  the  discharge.  This  results  in  an  extremely  stiff 
larmcher  design.  The  preloaded  sidewalls  are  reacted  against  a  filament- wound  composite 
overwrap  composed  of  82%  90°  graphite  fibers  and  18%  0°  fiberglass.  The  overwrap  reacts 
the  preload  plus  a  fraction  of  the  EM  loading  and  provides  stiffness  to  the  launcher  in  the 
axial  direction.  These  features  give  the  launcher  a  peak  bore  growth  of  0.2%  at  full  EM 
loading  and  an  overall  weight  of  273  kg. 

Chromium  copper  (C18200)  was  chosen  as  the  rail  material  because  of  its  strength  (310- 
Mpa  yield),  conductivity  (82%  International  Annealed  Copper  Standard  [lACS]),  relatively 
low  cost,  and  its  dimensional  stability.  To  attain  the  launcher’s  high  efficiency,  the  main 
rails  are  slit  (1.6  mm  wide  on  3.2- mm  centers)  transverse  to  the  gun’s  axis  to  the  midpoint 
of  the  ceramic  sidewall.  This  region  of  the  main  rail  is  required  for  structural  purposes,  but, 
left  solid,  is  detrimental  to  magnetic  performance. 

To  meet  the  penetration  at  range  requirement,  the  ILP  is  designed  to  operate  at  a 
launch  velocity  of  1,850  m/s.  This  results  in  a  peak  axial  acceleration  of  2.06  x  10®  m/s 
(210,000  g’s).  The  armature  forms  a  two-piece  sabot  that  conforms  to  the  rectangular  bore 
of  the  gun  and  encases  the  subprojectile.  A  longitudinal  cut  through  the  armature  in  the 
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vertical  direction  (along  the  major  axis  of  the  cross  section)  allows  the  armature/sabot  to 
separate  from  the  subprojectile  after  launch.  A  photograph  of  a  recently  tested  ILP  is  shown 
in  Figure  3. 


Figure  3.  Photograph  of  recently  tested  ILP. 

Testing  took  place  at  the  EM  Facility,  TEF,  APG,  MD.  The  facility  consists  of  a  1.6- 
MJ,  capacitor-based  PPS  with  a  222-m  free-flight  range.s  The  PPS  comprises  eight  banks, 
each  with  the  flexibility  to  be  charged  to  a  different  initial  voltage,  as  well  as  to  be  triggered 
independently  in  time.  Each  bank  is  nominally  200  kJ  at  a  rated  maximum  charge  voltage 
of  10  kV.  Each  bank  is  connected  to  a  common  bus  through  a  D-size  ignitron  and  a  nominal 
10-/iH  inductor.  Stacks  of  diodes  prevent  voltage  reversal  across  the  capacitors.  During 
the  last  phase  of  testing,  the  power  supply  was  capable  of  producing  a  peak  admittance  of 
84  kA/kV.  The  rise  to  peak  current  was  sinusoidal  and  occurred  at  0.46  ms.  Shortly  after 
reaching  its  peak,  the  current  exhibits  an  exponential  decay  with  a  3-ms  time  constant. 


2.  Experiment 


The  primary  objective  of  the  experimental  test  program  was  to  verify  the  single-shot 
launcher  and  ILP  performance  in  support  of  achieving  the  CCEMG  system  requirements.^ 
The  tests  were  performed  over  a  period  of  one  year.  During  the  course  of  the  single-shot 
tests,  the  ILP  was  subject  to  increasing  levels  of  acceleration  to  verify  its  structural  integrity. 
Testing  was  planned  such  that  an  abundance  of  relevant  data  could  be  obtained  early  in  the 
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program  without  placing  the  hardware  at  unnecessary  risk.  A  developmental  approach  to 
testing  allowed  the  EM  Facility,  launcher,  and  ILP  to  be  improved  during  the  various  phases 
of  testing.  As  a  result,  the  ILP  was  eventually  tested  at  86%  of  its  peak  axial  structural 
rating  (96%  of  full  design  velocity)  and  verified  with  x-ray  images  (shown  in  Figure  4)  and 
successful  target  impact  at  range. 


Figure  4.  Orthogonal  x-ray  photographs  of  ILP  at  muzzle  exit  for  shot  39. 

The  testing  was  grouped  into  several  phases;  component  characterization  (shots  1- 
9),  armature  development  (shots  10-16),  launch  dynamics  (shots  17-27),  psuedo-multishot 
(shots  28-32)  and  peak  performance  (shots  33-39).  Tabular  summaries  of  each  of  the  five 
phases  of  testing  are  presented  in  Tables  2-6.  These  tables  present  data  characterizing  the 
latmcher  and  launch  package  performance  for  each  shot.  Column  1  identifies  the  ARL  shot 
number.  Columns  2  through  4  present  electrical  performance  data  taken  during  each  shot. 
Parameters  pertaining  to  the  launch  package  such  as  ILP  identification,  mass,  exit  velocity 
and  the  force  required  to  insert  the  ILP  into  the  launcher  are  listed  in  the  next  four  columns. 
Finally,  in  the  last  column,  significant  comments  and  observations  pertaining  to  each  shot 
are  fisted. 
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Table  2.  Summary  of  Component  Characterization  Shots. 
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Table  4.  Summary  of  Launch  Dynamics  Shots  With  Four-Fin  Swept-Delta  Afterbody. 
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Table  5.  Summary  of  Pseudo-Multishot  Test. 
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Table  6.  Summary  of  High-Current  Shots. 
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The  component  characterization  phase  focused  on  an  initial  assessment  of  the  launcher 
and  power  supply  operation  and  performance.  These  shots  utilized  slugs  instead  of  the  ILP. 
Portions  of  the  ARL  tests  duplicated  the  test  results  from  the  11  shots  made  by  UT-CEM 
prior  to  the  delivery  of  the  launcher  to  ARL.i°  One  of  the  shots  during  the  component  char¬ 
acterization  phase  exceeded  the  CCEMG  design  velocity  with  an  armature  contact  design 
similar  to  the  one  used  in  the  current  ILP.  The  bore  surface  was  surveyed  with  a  bore  scope, 
and  no  evidence  of  rail  gouging  was  seen.  However,  recent  analysis  of  the  decomissioned 
launcher^,  as  well  as  analysis  of  the  muzzle  voltage  data,  indicates  that  nearly  all  the  arma¬ 
tures  did  not  maintain  a  solid  contact  with  the  rail  surface.  It  is  likely  that  the  presence  of 
a  plasma  interface  between  the  rail  surface  and  armature  tended  to  reduce  or  obscure  the 
effects  of  gouging. 

In  the  armature  development  phase,  tests  were  performed  with  a  first-generation  ILP 
design.  The  ILP  shown  in  Figure  5  consisted  of  a  six-fin  fluted-flare  subprojectile,  shown 
schematically  in  Figure  6,  and  a  baseline  armature  design.  Test  results  indentified  improve¬ 
ments  to  minimize  sabot  discard  disturbances.  Testing  was  limited  to  a  range  of  50  m. 
Design  changes  to  the  subprojectile  and  armature  were  implemented  after  shot  16. 


Figure  5.  Photograph  of  first-generation  ILP. 
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Figure  6.  Schematic  illustration  of  the  six-fin  fluted-fiare  stabilized  subprojectile. 

In  the  launch  dynamics  phase  of  testing,  the  subprojectile  used  a  four-fin  afterbody 
that  exhibited  improved  aerodynamic  stability.  A  schematic  of  the  four-fin  subprojectile 
is  shown  in  Figure  7.  In  addition,  the  armature  was  modified  to  incorporate  features  that 
would  enhance  the  aerodynamic  separation  of  the  sabot/armature  halves  following  muzzle 
exit.  These  included  the  addition  of  an  air  scoop  in  the  front  of  each  armature  half,  steel 
pins  to  allow  the  armature  to  pivot  off  the  rear  of  the  subprojectile,  and  less  mechanical 
interference  between  the  rod  and  armature  halves.  The  target  impact  plate  was  placed  at 
the  full  flat-fire  trajectory  of  222  m.  These  tests  were  necessary  to  gain  an  understanding  of 
the  dispersion  and  to  assess  the  components  contributing  to  dispersion  in  order  to  implement 
any  additional  design  modifications. 
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CCEMG  is  a  multishot  demonstrator.  The  tests  reported  here  are  single-shot.  How¬ 
ever,  a5  a  precursor  to  eventual  multishot  operation  of  the  CCEMG,  five  consecutive  shots 
(shots  28-32)  were  performed  at  previously  demonstrated  launch  velocities  without  bore 
maintainence  between  shots.  The  power  supply  was  upgraded  just  prior  to  this  phase  to  its 
present  capability  of  1.6  MJ  of  stored  energy  at  10  kV. 

In  the  final  phase  of  testing,  the  launcher  and  ILP  were  subjected  to  maximum  stress 
levels.  This  is  simply  accomplished  by  increasing  the  initial  capacitor  charge  voltage  and 
resultant  peak  current  delivered  to  the  launcher.  In  order  to  realize  peak  performance  with  a 
capacitor-based  power  supply,  an  explosively  activated  closing  switch  was  connected  across 
the  rails  near  the  muzzle  end  of  the  launcher  and  closed  prior  to  projectile  exit.  The  switch 
was  incorporated  to  reduce  the  exponentially  decaying  current  and  arc  at  projectile  exit, 
which  can  lead  to  excessive  wear  and  fatigue  at  the  muzzle.  Previously  demonstrated  currents 
at  projectile  exit  greater  than  250  kA  were  suspected  to  cause  severe  structural  deformation 
at  the  muzzle.  The  current  pulse  applied  to  the  launcher  and  the  switch  current  from 
shot  38  are  shown  in  Figure  8.  The  resultant  ILP  current  is  the  difference  between  the 
launcher  current  and  the  switch  current  and  is  shown  in  Figure  9. 


Figure  8.  Current  pulse  applied  to  the  launcher  and  switch  current,  shot  38. 
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Figure  9.  Resultant  ILP  current,  shot  38. 

The  highest  launcher  current  was  766  kA  and  occurred  on  shot  39.  On  this  shot,  the 
current  flowing  in  the  armature  at  projectile  exit  was  also  the  highest  at  384  kA  because  the 
muzzle  switch  was  not  placed  in  the  “armed”  position  prior  to  the  shot  and  did  not  function 
near  shot  exit.  It  is  noteworthy  that  during  the  shot,  the  detonators  (RP-80)  used  to  trigger 
the  muzzle  switch  were  not  activated  unintentionally  by  the  strong  electric  and  magnetic 
fields  associated  with  the  launcher,  even  though  they  are  located  with  0.1  m  of  the  launcher. 
While  further  studies  on  the  effects  of  electric  gun  magnetic  and  electric  fields  on  high 
explosives  still  need  to  be  performed,  this  limited  evidence  seems  to  suggest  the  potential  for 
launching  high-explosive  projectiles  from  electric  guns.  During  the  shot,  the  trigger  system 
also  did  not  generate  spurious  signals  that  would  falsely  trigger  the  switch.  Nonetheless, 
the  round  successfully  flew  and  impacted  the  target  downrange.  Measured  launcher  current 
and  computed  ILP  acceleration  are  plotted  in  Figures  10  and  11,  respectively.  The  PPS  was 
charged  to  an  initial  voltage  of  9.1  kV,  yielding  a  transfer  admittance  of  84  kA/kV.  The 
current  rise  to  peak  occurred  at  0.46  ms,  and  the  projectile  exited  the  launcher  at  2.04  ms 
with  a  velocity  of  1,785  m/s.  Thereafter,  the  slope  of  the  current  changes  because  of  the 
high-impedance  arc  at  the  muzzle.  Other  electrical  data  acquired  during  the  shot  include 
the  breech,  launcher,  and  muzzle  voltages.  The  electrical  performance  of  the  launcher  is 
presented  elsewhere.^ 
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Figure  10.  Measured  projectile  current,  shot  39. 


Figure  11.  Computed  ILP  acceleration,  shot  39. 
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A  number  of  different  measurement  techniques  were  used  to  assess  muzzle  velocity. 
Measurements  based  on  the  time  rate  of  change  of  the  armature’s  in-bore  induction  field 
(dB /dt)  were  recorded  for  all  the  shots.  Smear  camera,  flash  x-ray,  radar,  and  break  screen 
techniques  were  also  employed,  though  none  of  these  measurements  were  available  for  all  the 
shots.  The  velocity  measurements  obtained  from  the  dB/dt  signals  were  within  4%  of  values 
from  the  other  techniques.  All  velocities  reported  in  this  paper  are  inferred  from  dB/dt 
signals. 

To  evaluate  launch  dynamics,  an  aim  point  and  intended  line  of  flight  were  established  a 
few  meters  downrange  of  the  muzzle  by  using  a  boresight  and  mount.  A  pulley  was  securely 
fastened  4  m  downrange  and  aligned  with  the  boresight  crosshairs.  A  cable  was  attached  at 
the  breech,  pulled  through  the  launcher,  and  suspended  over  the  pulley  using  a  50-kg  weight 
to  tension  the  cable.  The  cable,  for  indicating  line  of  flight,  and  beads,  for  referencing  the 
subprojectile  center  of  gravity  (c.g.),  were  superimposed  upon  each  x-ray. 

Yaw  cards  (cardboard  targets)  were  consistently  used  to  assess  the  free-flight  aerody¬ 
namics  of  the  projectile.  As  many  as  15  yaw  cards  were  placed  at  measured  intervals  along 
the  trajectory  and  boresighted.  After  each  shot,  the  horizontal  and  vertical  displacements  of 
the  flight  body  from  the  original  aim  point,  as  well  as  the  angle  of  attack  (AoA)  produced 
by  the  pitching  and  yawing  motion,  were  measured  from  the  impact  on  the  yaw  card.  In  the 
absence  of  x-rays,  yaw  cards  were  often  used  to  qualitatively  evaluate  the  sabot  discard. 

Radar  was  used  after  shot  27  to  assess  the  subprojectile  velocity  degradation  over  the 
flight  range.  The  radar  unit  was  placed  11  m  downrange.  Triggering  was  accomplished  by 
aiming  a  light  sensitive  sensor  at  the  muzzle,  13  m  from  the  line  of  flight. 

A  high-speed  camera  was  used  to  obtain  a  down-bore  view  of  the  armature  discard. 
Many  problems  were  experienced  in  trying  to  resolve  the  ILP  image  particularly  in  the 
presence  of  a  muzzle  arc.  One  attempt  was  successful  when  a  large  thick  sheet  of  paper  was 
placed  across  the  front  of  the  muzzle.  The  paper  tended  to  block  the  backlighting  provided 
by  the  plasma  arc.  Smear  cameras  were  also  routinely  used  to  assess  the  sabot  discard.  The 
most  common  configuration  was  where  the  camera  was  set  up  to  take  an  orthogonal  view. 
The  camera  was  placed  4.6  m  downrange,  perpendicular  to  the  line  of  flight.  A  mirror  was 
placed  at  45®  opposite  the  camera.  Number  2  flash  bulbs  were  used  to  illuminate  the  ILP. 


3.  Free-Flight  Data  and  Analysis 

The  free-flight  performance  of  the  subprojectile  was  assessed  by  measuring  the  angular 
motion  and  the  displacement  of  the  center  of  gravity  using  a  series  of  yaw  cards  placed  along 
the  flight  path  of  the  projectile.  The  measurement  of  the  free-flight  dynamic  response  of 
the  subprojectile  allows  a  quantitative  assessment  of  the  aerodynamic  performance  of  the 
subprojectile  and  the  launch  and  sabot  disturbances  that  drive  the  free-flight  motion. 
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3.1  Reduction  of  the  Free-Flight  Angular  Motion 


The  measured  free-flight  yawing  (angular)  motion  was  fit  using  closed-form  solutions 
of  the  equations  of  motion  for  a  rolling  symmetric  missiled^  Xhe  horizontal  and  vertical 
components  of  the  AoA,  ^  and  a,  as  a  function  of  the  range  coordinate,  s,  are  fit  using  the 
following  model.  This  model  contains  10  coefficients  that  are  determined  during  the  fitting 
process. 


/3  +  ia 

=  iriexp*‘^i+A:2exp^‘^2 

(3) 

(4) 

<t>2 

=  ^2o  +  ^2^  d"  0.5<^2^^ 

(5) 

Kx 

-  i^uexp^i^ 

(6) 

K2 

=  ir2.exp^25 

(7) 

The  model  uses  complex  variables  to  describe  the  instantaneous  value  of  the  AoA  along 
the  trajectory.  The  horizontal  and  vertical  components  of  the  AoA,  jS  and  a,  lie  along  the 
real  and  imaginary  axes,  respectively.  The  yawing  motion  is  represented  by  the  sum  of  two 
vectors  in  the  complex  plane.  The  magnitude  of  these  vectors  is  K\  and  K2,  respectively. 
The  initial  amplitude  of  these  vectors  at  the  muzzle  is  represented  by  the  two  coefficients, 
Ki^  and  iiL2„.  The  magnitude  of  K\  and  K2  changes  in-flight  due  to  the  damping  rates, 
Ai  and  A2.  The  location  of  the  two  vectors  in  the  complex  plane  is  determined  by  the 
instantaneous  phase  in  the  complex  plane,  <ji>i  and  ^2-  s-nd  <j)2  are  described  in  terms  of 
the  six  parameters,  ^2o5  4>'xi  <f>2i  ^2- 

A  nonlinear  least-squares-fitting  procedure  was  utilized  to  fit  the  measured  data  points 
to  the  theoretical  motion.  Several  combinations  of  the  10  coefficients  were  utilized  during 
fitting  process.  A  six-parameter  reduction  that  models  the  yawing  motion  of  a  nonrolling 
symmetric  missile  was  found  to  give  the  most  consistent  fits  to  the  experimental  data  and 
was  eventually  used  to  reduce  most  of  the  yaw  card  data.  This  six-paxameter  fit  assumes 
that  the  two  damping  rates,  Aj  and  A2,  are  equivalent.  As  a  result  of  the  assumption  of 
zero-roll  rate,  the  two  frequencies,  (l>\  and  <^2?  ^.re  equal  in  magnitude,  but  opposite  in  sign. 
The  parameters,  and  <f>2,  which  are  used  to  model  a  linear  variation  of  roll  rate  with 
range,  are  assumed  to  be  zero  in  the  six-parameter  reduction.  For  the  six-fin  fluted-flare 
configuration  (shots  10-16),  a  five-parameter  fit,  which  assumes  the  damping  rates,  Ai  and 
A2,  are  zero,  was  used  because  the  yawing  motion  was  measured  over  a  short  range  with  few 
yaw  cards. 

An  example  of  the  fitted  equations  to  the  data  for  both  the  horizontal  (0)  and  vertical 
(a)  components  of  yaw  is  shown  for  shot  24  in  Figure  12.  The  circles  represent  the  data 
measured  from  the  yaw  cards,  while  the  curve  fit  is  represented  by  the  solid  (/?)  and  dashed 
(o)  lines. 
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Figure  12.  Fit  of  the  measured  angular  motion  from  shot  24,  a  -  dashed  line,  /?  -  solid  line. 


From  the  fit  of  the  measured  motion,  two  of  the  aerodynamic  coefficients  that  have 
an  important  role  in  the  vehicle’s  flight  performance  were  extracted.  The  pitching  moment 
coef&cient  derivative,  which  is  a  measure  of  the  projectile’s  static  stability,  is  primarily 
a  function  of  the  pitching  rate  of  the  projectile.  The  pitch-damping  coefficient,  Cmg  +  Cmi, , 
is  related  to  the  damping  of  the  yawing  motion  and  can  be  determined  from  the  measured 
damping  rates.  The  dependence  of  these  two  coefficients  on  the  measured  pitching  frequencies 
and  damping  rates  is  shown  below.^^ 
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To  extract  the  aerodynamic  coefficients  from  the  measured  rates,  the  physical  prop¬ 
erties  of  the  body  are  required.  These  include  the  transverse  moment  of  inertia.  It,  the 
reference  area  of  the  body,  Sref  =  7rZ?^/4,  the  body  diameter,  D,  the  body  mass,  m,  and 
the  atmospheric  air  density,  p.  The  measured  physicals  for  both  types  of  subprojectiles 
are  listed  in  Table  7.  The  determination  of  the  pitch-damping  coefficient  from  the  measured 
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Table  7.  Physical  Properties  of  Subprojectile. 


Six-fin 

Four-fin 

Axial  Moment  of  Inertia,  Ix  (g-cm'^) 

5.137 

6.345 

Transverse  Moment  of  Inertia,  It  (g-cm'^) 

1486.6 

1506.3 

Mass,  m  (g) 

84.61 

85.92 

Total  Length,  L  (mm) 

173.26 

176.71 

Axial  Position  of  c.g.  -  from  nose  (mm) 

85.66 

85.36 

Reference  Diameter,  D  (mm) 

7.22 

7.22 

damping  rates  requires  the  normal  force  coefficient  derivative,  CkTc^i  and  the  drag  coefficient, 
Cd.  These  coefficients  were  determined  using  theoretical  methods  discussed  in  section  3.2. 

In  a  relative  sense,  the  pitching  moment  coefficient  derivative  will  be  more  accurately 
determined  from  the  yaw  card  data  than  the  pitch-damping  coefficient  because  the  frequen¬ 
cies  of  the  yawing  motion  axe  more  easily  determined  than  the  damping  rates.  Generally, 
good  damping  data  requires  that  the  amplitude  of  the  pitching  motion  be  measured  over 
several  cycles  of  the  motion,  while  the  frequency  can  be  obtained  from  the  period  of  the 
yawing  motion  using  fewer  measurements  over  a  shorter  range. 

The  best  results  for  assessing  the  aerodynamic  coefficients  from  yaw  cards  are  obtained 
when  the  measured  angles  axe  greater  than  2°  and  less  than  10®.  The  minimum  requirement  is 
a  result  of  interpreting  small  angles  from  the  yaw  card  impacts.  At  high  AoAs  (approximately 
10°  and  up),  the  aerodynamics  may  become  nonlinear  and  the  aerodynamic  coefficients 
(particulaxly  Cma)  could  exhibit  a  dependence  on  yaw.  It  is  possible  to  determine  the 
yaw  dependence  of  the  aerodynamic  coefficients  if  multiple  firings  are  performed  at  similar 
launch  velocities.  For  this  effort,  the  yaw  dependence  in  the  aerodynamic  coefficients  was 
difficult  to  determine  due  to  the  lack  of  data.  Thus,  the  aerodynamic  coefficients  were 
determined  directly  from  the  damping  rates  and  pitching  frequencies  for  individual  shots. 
Some  differences  between  the  aerodynamic  coefficients  obtained  from  the  high-yaw  flights 
and  low-yaw  experimental  and  theoretical  results  axe  therefore  expected. 


3.2  Aerodynamic  Predictions 

The  aerodynamic  performance  of  the  flight  body  was  also  investigated  using  Compu¬ 
tational  Fluid  Dynamics  (CFD)  techniques.  Using  these  techniques,  the  viscous  flow  field 
about  the  projectile  was  determined  by  solving  the  thin-layer  Navier-Stokes  equations  using 
the  parabolized  Navier-Stokes  (PNS)  technique  of  Schiff  and  Steger.^®  This  technique  is 
applicable  in  the  supersonic  flow  regime  and  requires  that  the  flow  field  contain  no  regions  of 
flow  separation  in  the  axial  direction.  Because  the  computational  approach  requires  only  a 
single  sweep  through  the  computational  grid,  it  is  very  efficient  compared  with  time-maxching 
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approaches  that  require  many  sweeps  through  the  grid.  The  technique  has  been  applied  suc¬ 
cessfully  to  a  number  of  projectile  configurations,  including  axisymmetric  shell, flared 
projectiles,^®  and  finned  projectiles.^®  More  recent  extensions  to  the  computational  approach 
permit  predictions  of  the  pitch-damping  aerodynamic  coefficients.^'^- 1®- 

Several  simplifications  to  the  flight  body  were  made  during  the  modeling  process.  A 
sharp  nose  tip  was  modeled  instead  of  the  blunted  nose  tip  actually  used  on  the  flight  body. 
Predictions  for  previous  versions  of  this  projectile  showed  little  influence  of  nose  bluntness 
on  the  aerodynamics  for  nose  bluntness  at  or  below  the  current  value.  The  actual  flight 
body  had  a  number  of  subcaliber  sabot  grooves  on  the  body.  These  were  not  modeled  in 
the  computation.  Finally,  the  base  flow  was  not  modeled.  Because  the  flow  is  supersonic, 
the  base  flow  will  have  virtually  no  influence  on  any  of  the  aerodynamic  coefficients  with 
the  exception  of  the  drag  coefficient.  However,  estimates  of  the  base  drag  contribution  were 
made  and  added  to  the  forebody  drag  to  obtain  predictions  of  the  total  drag  of  the  projectile. 

The  aerodynamic  forces  and  moments  were  extracted  from  the  computed  flow  field  by 
integrating  the  pressure  and  viscous  stresses  at  the  body  surface.  Predictions  were  made  of 
the  pitching  moment  and  normal  coefficient  derivatives,  drag  coefficient  and  pitch-damping 
moment  coefficient.  Where  possible,  predictions  were  validated  with  comparison  with  data 
obtained  from  the  range  firings. 


3.3  Aerodynamic  Performance  of  the  Subprojectile 

From  the  measured  yawing  frequency,  an  important  measure  of  the  projectile’s  static 
stability,  the  pitching  moment  coefficient  derivative  {Cma)i  extracted  and  compared 
with  the  predictions.  In  Figure  13,  Cma  i®  plotted  as  a  function  of  velocity  for  the  AoA 
magnitudes  between  2°  and  10°.  In  general,  good  agreement  is  found  between  experiment 
and  theory,  and  the  results  show  a  decrease  in  the  subprojectile’s  stability  with  increasing 
velocity  due  to  the  decreased  efficiency  of  the  fins  at  higher  velocity.  Data  from  one  of  the 
six-fin  fluted-flare  firings  (shot  15)  are  included  and  show  the  improvement  in  aerodynamic 
performance  of  the  subprojectile  employing  the  finned  afterbody  compared  to  the  original 
fluted-flare  design. 

On  several  firings  after  shot  27,  radar  was  used  to  obtain  the  round’s  velocity  as  a 
function  of  range. From  this  data,  the  subprojectile’s  retardation  and  drag  coefficient 
(Cd)  are  computed.  The  experimentally  determined  drag  coefficients  include  the  effect  of 
yaw  drag.  Attempts  to  extract  the  yaw  drag  from  the  zero-yaw  drag  were  not  successful,  due 
to  the  variability  in  the  experimental  measurement  of  the  total  drag.  A  plot  of  the  reduced 
radar  data  from  shot  30  is  shown  in  Figure  14.  The  free-flight  velocity  profile  for  both  the 
subprojectile  and  the  armature  are  indicated.  Even  with  the  radar  unit  in  close  proximity 
to  the  EML,  very  little  triggering  problems  were  experienced  with  the  radar  unit. 

Comparisons  between  predicted  and  measured  drag  coefficients  aie  shown  in  Figure  15. 
Also  included  is  a  data  point  from  a  subscale  firing2i  at  the  ARL  Aerodynamics  Range  (solid 
circle),  as  well  as  the  PNS  prediction  for  the  subscale  projectile.  The  theoretical  approach 
is  a  reasonable  assessment  of  the  expected  performance  of  the  subprojectile.  The  results 
indicate  that  the  velocity  of  the  projectile  will  decrease  at  a  rate  of  150-200  m/s/km. 
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Figure  13.  Pitching  moment  coefficient,  a  function  of  velocity. 
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Figure  14.  Waterfall  plot  radar  indicating  velocity  history  of  subprojectile  and 
ture/sabot. 
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Figure  15.  Coefficient  of  drag,  Cd,  as  a  function  of  velocity. 

Predictions  of  the  normal  force  coefficient  derivative  were  also  made  and  are  shown 
in  Figure  16.  The  normal  force  coefficient  derivative  is  a  vital  piece  of  data  required  to 
extract  the  pitch-damping  coefficient  from  the  damping  rates  and  is  required  to  assess  the 
aerodynamic  jump  of  the  projectile.  Unfortunately,  it  requires  extensive  testing  to  determine 
the  normal  force  coefficient  derivative  from  the  yaw  card  data,  and,  hence,  no  experimental 
data  is  shown.  However,  previous  predictions^®-  22  of  the  normal  force  coefficients  derivative 
for  similar  projectile  geometries  have  shown  good  agreement  with  aerodynamic  range  data 
leading  to  confidence  in  the  predicted  results. 

The  measured  damping  rates,  obtained  from  the  fits  of  the  yawing  motion,  were  utilized 
to  determine  the  pitch-damping  coefficient.  As  shown  in  equation  (9),  the  extraction  of  the 
pitch-damping  coefficient  from  the  measured  damping  rates  requires  the  values  of  two  addi¬ 
tional  aerodynamic  coefficients,  namely  the  normal  force  coefficient  derivative,  and  the 
drag  coefficient,  Cd-  These  values  were  obtained  from  the  computational  predictions  and 
account  for  about  15%  of  the  experimentally  derived  pitch-damping  coefficient.  The  pitch¬ 
damping  coefficients  extracted  from  the  measured  damping  rates  were  compared  with  CFD 
predictions  of  the  pitch-damping  coefficients.  The  measured  pitch-damping  coefficients  show 
considerable  scatter,  but  generally  bracket  the  computational  predictions.  The  predicted 
pitch-damping  coefficient,  shown  in  Figure  17,  shows  a  small  decrease  with  Mach  number. 
Both  the  experimental  data  and  theoretical  predictions  indicate  that  the  aerodynamic  damp¬ 
ing  performance  of  the  body  will  cause  the  amplitudes  of  the  yawing  motion  to  damp  to  less 
than  10%  of  their  initial  amplitudes  after  500  m  of  flight. 
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Figure  16.  Normal  force  coefficient,  CiVa,  as  a  function  of  velocity. 
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Figure  17.  Pitch-damping  coefficient,  ^.s  a  function  of  velocity. 


3.4  Reduction  of  the  Swerving  Motion 

In  addition  to  measuring  the  free-flight  angular  motion,  the  vertical  and  horizontal 
displacement  of  the  subprojectile  center  of  gravity  was  also  measured.  The  motion  of  the 
projectile  center  of  gravity  (swerving  motion)  is  characterized  by  three  effects:  (1)  vertical 
gravity  drop,  (2)  horizontal  and  vertical  linear  deviation  off  the  original  aim  point  (jump), 
and  (3)  horizontal  and  vertical  fluctuating  displacements  due  to  the  aerodynamic  response 
of  the  body  to  the  yawing  motion.  The  maximum  peak-to-peak  amplitude  of  the  fluctuating 
motion  was  less  than  3  mm  per  degree  of  yaw.  Because  amplitude  of  the  fluctuating  motion 
was  on  the  order  of  the  measurement  error  of  the  center  of  gravity  displacement  obtained 
from  the  yaw  cards,  no  attempt  was  made  to  fit  the  fluctuating  motion.  However,  the  linear 
deviation  of  the  c.g.  from  the  original  aim  point  was  utilized  to  assess  the  jump  performance 
of  the  projectile,  as  discussed  in  the  following  section. 


4.  Jump 

4.1  Jump  Description 

The  flight  path  of  the  subprojectile,  and,  hence,  the  accuracy  and  dispersion,  is  influ¬ 
enced  by  the  series  of  launch  disturbances  leading  up  to  free  flight.  For  direct-fire  weapon 
systems,  the  launch  process  can  be  described  as  a  series  of  six  disturbances  from  shot  start 
to  the  impact  of  the  round  at  the  target.^^  Each  of  these  disturbances  produce  horizontal 
and  vertical  deflections  of  the  subprojectile  from  the  intended  line  of  fire.  The  first  three 
disturbances  result  from  the  motion  or  distortion  of  the  gun  tube  during  the  firing  cycle. 
The  first  deflection  is  produced  by  the  pointing  angle  of  the  muzzle  at  projectile  exit  (PA). 
At  the  same  time,  the  motion  of  the  muzzle  imparts  a  transverse  velocity  or  crossing  velocity 
to  the  projectile  (CV).  The  third  component  is  the  angular  deviation  of  the  flight  path  of 
the  projectile’s  center  of  gravity  relative  to  the  instantaneous  bore  centerline  at  projectile 
exit  (CG).  Shortly  after  projectile  exit,  the  armature/sabot  discards  or  separates  from  the 
subprojectile  producing  an  additional  launch  disturbance  (SD).  As  the  subprojectile  enters 
free  flight,  the  aerodynamic  forces  produce  an  average  deflection  due  to  the  angular  rates  pro¬ 
duced  by  previous  four  launch  disturbances.  This  resultant  deflection  is  called  aerodynamic 
jump  (AJ).  The  final  deflection  of  the  subprojectile  is  due  to  gravity  drop  (GD). 

The  aerodynamic  forces  acting  on  the  subprojectile  will  produce  oscillations  about  the 
mean  flight  path  due  to  the  pitching  motion,  although  these  deflections  are  usually  small.  Of 
greater  concern  is  the  average  deflection  of  the  subprojectile  from  its  intended  flight  path. 
With  the  exception  of  gravity  drop,  which  produces  a  parabolic  deflection  in  the  flight  path, 
the  launch  disturbances  produce  an  angular  deviation  of  the  flight  path  from  the  intended 
line  of  fire  such  that  the  vertical  and  horizontal  deflections  from  the  intended  flight  path 
increase  in  a  linear  manner  as  the  subprojectile  flies  downrange.  These  linear  deviations  are 
referred  to  as  “jump”  and  are  typically  expressed  in  unit  of  mils.  (One  mil  is  1  unit  of  de¬ 
flection  at  1,000  units  of  range.)  The  six  individual  jump  components  in  the  kinetic  energy 
projectile  jump  model  can  be  vectorily  added,  and  the  resulting  total  subprojectile  jump 
should  be  in  good  agreement  with  the  measured  deflection  at  the  target  from  the  original 
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Figure  18.  Schematic  depiction  of  jump  components  from  aim  point  to  target  impact. 

aim  point  if  the  jump  components  are  accurately  measured.  (See  Figure  18.) 

Each  of  the  jump  components  is  the  result  of  forces  acting  on  the  subprojectile.  The 
forces  result  in  jump  vectors  and  angular  rates  when  they  are  applied  to  masses  and  center 
of  gravity  locations.  Understanding  the  source  of  the  forces  acting  on  the  subprojectile  and 
their  interaction  can  lead  to  significantly  enhanced  accuracy  and  reduced  dispersion.  It  is 
not  the  intent  to  predict  the  accuracy  or  dispersion  in  this  section,  but  rather  to  isolate 
physical  processes  that  contribute  toward  the  target  impact  dispersion. 


4.2  Jump  Component  Determination 

The  individual  jump  components  are  experimentally  determined  by  measuring  the  mo¬ 
tion  and  orientation  of  the  launcher,  ILP,  and  subprojectile  during  the  various  phases  of  the 
launch  and  flight  process.  The  total  jump  vector  due  to  the  CV,  PA,  and  CG  jump  compo¬ 
nents  was  determined  from  the  round’s  center  of  gravity  trajectory  at  muzzle  exit  relative  to 
the  fiducial  system  in  the  multistation  orthogonal  x-rays.  A  straight  line  is  fit  to  the  center 
of  gravity  locations  as  a  function  of  range  for  each  plane,  and  the  slope  of  the  line  is  the  total 
jump  vector  due  to  the  CV,  PA,  and  CG  jump  components.  An  example  of  a  multistation, 
orthogonal  flash  x-ray  image  with  fiducial  cable  is  shown  in  Figure  19. 
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Figure  19.  Multistation,  orthogonal  flash  x-ray  images  from  shot  26  (launch  velocity  =  1,087  m/s). 


For  the  work  presented  here,  instrumentation  was  not  available  to  monitor  the  transient 
motion  of  the  muzzle;  however,  the  launcher  was  firmly  bolted  to  a  steel  frame  at  the  breech 
end  and  supported  0.6  m  from  the  muzzle  end.  The  frame  was  bolted  to  steel  channel 
embedded  in  the  concrete  floor.  Additionally,  the  aim  point  of  the  launcher  relative  to  the 
target  located  at  222  m  was  checked  periodically  by  boresight  and  found  not  to  change 
between  shots.  Hence,  it  is  assumed  that  the  CV  and  PA  jump  vectors  are  negligible.  The 
jump  vector  determined  directly  from  the  orthogonal  x-rays  at  muzzle  exit  is  attributed  to 
the  CG  jump  vector  as  defined  in  the  model. 

The  AJ  jump  component  describes  the  mean  devivation  of  the  flight  path  due  to  the 
aerodynamic  forces  acting  on  the  projectile  in  free  flight.  For  a  symmetric,  nonspinning 
projectile,  the  aerodynamic  jump  in  the  vertical  {AJ-u)  and  horizontal  (AJ^)  planes  can  be 
computed  as:i2 


II 

-1000 

UCl. 

mDCrnc 

i<  + 

(10) 

AJh  = 

-1000 

TTlDCma 

i^'o  + 

(11) 

H  = 

pSrefD  j. 

2m 

Cd- 

(12) 

Clc.  = 

CNo 

^  — 

Cd 

(13) 

«o  = 

da. 

ds 

0 

(14) 

^0  = 

d^ 

ds 

(15) 

The  subprojectile  transverse  moment  of  inertia  (/<),  diameter  (D),  and  mass  (m)  are 
measured  quantities  that  are  listed  in  Table  7.  The  aerodynamic  coeflB.cients  C^a )  ■, 

(Cm,  +  Cmi)  are  obtained  from  the  CFD  predictions.  (The  pitching  moment  and  the  pitch¬ 
damping  coefficient  derivatives  could  be  obtained  experimentally  from  the  fits  of  the  yawing 
motion.  Some  variability  in  the  measured  aerodynamic  coefficients  was  observed,  particularly 
for  the  pitch-damping  coefficient.  The  CFD  predictions  of  Cma  and  (Cm,  +  C'ma)  provided 
a  more  consistent  assessment  of  the  aerodynamic  coefficients  and  were  therefore  used.) 

The  vertical  and  horizontal  components  of  the  AoA  when  the  projectile  enters  free 
flight,  (Xo  and /?o,  and  the  associated  angular  rates,  and  /?',  were  determined  from  the 
fit  of  the  yawing  motion  for  each  shot.  Analysis  of  the  x-ray  and  yaw  card  data  indicated 
that  the  sabot  discard  was  complete  by  4.5  m  from  the  muzzle.  This  location  was  used  to 
evaluate  the  necessary  AoAs  and  angular  rates  for  the  AJ  computation.  The  sensitivity  of 
the  aerodynamic  jump  to  the  selection  of  the  range  location  where  the  projectile  entered  free 
flight  was  analyzed.  The  results  indicated  that  the  aerodynamic  jump  varied  on  the  average 
by  about  ±5%  for  a  ±0.5-m  variation  in  the  range  location.  This  variability  is  quite  small  in 
relation  to  the  shot-to-shot  variability  in  AJ.  Additional  analysis  indicated  that  the  angular 
rate  term  accounted  for  nearly  all  of  the  aerodynamic  jump  when  compared  to  the  AoA 
term  in  equations  (10)  and  (11).  Both  terms,  however,  were  included  in  the  computation 
presented  here. 
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The  parameters  in  equations  (10)  and  (11)  should  be  computed  in  a  consistent  set  of 
units,  and  the  angles  should  be  evaluated  in  radians.  By  adding  the  multiplicative  factor  of 
1,000  in  equations  (10)  and  (11),  the  AJ  will  be  computed  in  mils.  The  direction  of  positive 
jump  in  each  plane  will  be  in  the  direction  of  positive  yaw  for  each  plane. 


The  gravity  drop  of  the  projectile  as  a  function  of  range, 
measured  launch  velocity,  V. 
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The  gravitational  constant,  g,  is  9.81  m/s^.  This  form  of  the  gravity  drop  assumes  that 
changes  in  the  velocity  during  flight  are  negligible.  The  instantaneous  deflection  of  the 
trajectory  from  the  original  line  of  fire  in  units  of  mils  (or  jump  due  to  gravity  drop)  can  be 
determined  from  the  gravity  drop. 


GD  =  wools  (A) 
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For  fielded  weapon  systems,  a  shot-to-shot  variability  in  gravity  drop  produced  by  variations 
in  launch  velocity  is  often  considered.  Because  the  launch  velocity  is  purposely  varied  in  the 
current  program,  a  shot-to-shot  variability  or  dispersion  due  to  gravity  drop  is  not  considered. 
The  computation  of  the  vertical  deflection  due  to  gravity  drop  is  required  for  each  shot  to 
extract  the  individual  jump  components. 

In  the  work  presented  here,  it  was  not  possible  to  directly  determine  the  jump  compo¬ 
nents  due  to  the  sabot/armature  discard.  Since  each  of  the  other  jump  components  have 
been  determined  and  the  aim  point  and  target  impact  locations  have  been  measured,  the 
SD  vector  was  taken  to  be  the  vector  required  to  close  the  jump  diagram  between  the  CG 
component  and  the  AJ  component.  (Refer  to  Figure  18.) 

Figure  20  shows  a  four- component  jump  vector  diagram  for  shot  26  using  yaw  card 
impact  data  35  m  downrange.  The  four  components  evaluated  are  CG,  SD,  AJ  and  GD. 
The  aim  point  is  located  at  (0,0),  and  the  impact  at  the  target  is  denoted  TI.  Also  shown 
is  a  launch  dynamics  jump  vector  (LD),  which  is  constructed  from  the  origin  to  the  AJ 
vector.  The  LD  vector  essentially  contains  the  combined  effects  of  the  CG  and  SD  jump 
vectors.  While  it  is  desirable  to  consider  both  the  CG  and  SD  jump  vectors  independently, 
multistation  orthogonal  flash  x-rays  were  not  available  after  shot  27,  and  the  CG  jump  vector 
could  not  be  determined.  The  LD  jump  vector  was  utilized  to  allow  an  analysis  of  the  jump 
data  for  all  of  the  shots,  paxticrdarly  to  examine  the  trends  of  the  AJ  and  LD  components 
relative  to  the  target  impact  dispersion  at  high  muzzle  velocity  where  multistation  x-ray 
images  were  not  available.  As  shown  in  Figure  20,  the  LD  vector  indicates  that  the  combined 
CG  and  SD  disturbance  is  primarily  in  the  vertical  direction  and  is  larger  than  the  AJ 
component.  Similar  plots  were  made  for  all  shots. 

Once  the  jump  vector  diagrams  were  assembled,  the  bias  (mean)  and  dispersion  (stan¬ 
dard  deviation)  of  the  individual  jump  components  were  determined.  Statistical  analysis 
was  performed  on  the  horizontal  and  vertical  components  of  the  individual  jump  vectors. 
Because  of  the  geometry  of  the  railgun  and  armature/sabot  (the  conducting  rails  above 
and  below  the  ILP,  the  insulated  sidewalls  to  the  left  and  right  of  the  ILP,  and  the  plane  of 
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Figure  20.  Jump  vector  diagram  for  shot  26. 

separation  for  the  armature/sabot  oriented  vertically),  differences  in  the  vertical  and  hori¬ 
zontal  behavior  of  the  jump  components  could  be  expected. 

An  understanding  of  the  statistical  behavior  of  the  individual  jump  components  is 
important  for  improving  the  target  impact  accuracy  and  dispersion.  The  bias  and  dispersion 
of  the  individual  jump  components  can  be  related  to  the  target  impact  bias  and  dispersion. 
The  sum  of  the  biases  of  the  individual  components  is  equal  to  the  bias  of  the  target  impact 
location.  A  more  complicated  relationship  between  the  target  impact  dispersion  and  the 
individual  component  dispersions  exists.  If  the  individual  jump  components  are  independent 
of  each  other  and  the  data  is  normally  distributed  (in  a  statistical  sense),  the  square  root 
of  the  sum  of  the  individual  jump  component  dispersions  squared  should  equal  the  target 
impact  dispersion  (TI).  Differences  are  attributed  to  measurement  errors  and  the  dependency 
between  components.  This  dependency  or  “cross  correlation”  can  exist  statistically  and 
physically,  and  can  be  either  negligible,  constructive  or  destructive-^^  In  general,  cross 
correlations  are  not  desirable  and  negative  cross  correlations  should  not  be  relied  on  to 
reduce  the  dispersion  in  a  gun  system.  For  low-dispersion,  high- accuracy  systems,  it  is 
desirable  to  produce  small  magnitude  jump  components.  Large  dispersions  in  individual 
jump  components  can  lead  to  unacceptable  round-to-round  dispersion.  Additionally,  small 
individual  jump  component  dispersions  originating  from  large  magnitude  jump  vectors  can 
lead  to  unacceptable  target  dispersions  because  of  the  increased  potential  for  significant  cross 
correlations  between  individual  jump  components. 
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4.3  Bias  and  Dispersion  of  the  Jump  Components 

A  statistical  analysis  of  the  jump  component  data  obtained  from  the  firings  of  the  four- 
fin  subprojectile  (shots  17—39)  was  performed.  For  five  shots  (shots  20,  24,  25,  26,  and 
27),  x-ray  data  at  the  muzzle  were  available,  and  four  component  jump  diagrams  (CG,  SD, 
AJ,  and  GD)  could  be  constructed.  The  muzzle  velocities  for  these  five  shots  ranged  from 
826  m/s  to  1087  m/s.  The  statistical  analysis  of  the  jump  components  revealed  a  consistent 
bias  in  only  one  of  the  jump  components,  the  CG  jump.  The  average  location  of  all  the  CG 
vectors  is  2.40  mils  above  and  1.34  mils  to  the  left  of  the  intended  line  of  flight.  A  potential 
contributing  cause  of  the  bias  in  the  CG  jump  is  the  deviation  of  the  bore  centerline  of  the 
launcher.  Figures  21  and  22  show  the  measured  deviation  of  the  launcher  centerline  along 
the  length  of  the  launcher  in  the  horizontal  and  vertical  directions  near  the  muzzle.  The 
deviation  of  the  centerline  appears  to  be  oriented  in  the  same  direction  as  the  CG  jump.  It  is 
important  to  note  that  the  muzzle  pointing  direction,  as  established  by  the  borescope,  does 
not  fully  account  for  the  displacement  in  the  bore  centerline  very  close  to  the  muzzle,  since 
the  borescope  makes  contact  with  the  bore  conducting  rails  and  sidewalls  approximately 
1.7  m  and  2.0  m  from  the  breech.  The  bias  in  the  CG  jump  also  appears  to  be  correlated  to 
the  bias  in  the  target  impact  location.  The  average  impact  location  at  30  m  for  these  five 
shots  is  2.08  mils  above  and  0.37  mils  to  the  left  of  the  intended  line  of  flight.  These  data 
suggest  that  this  launcher  has  an  interior  ballistic,  dynamic  path  that  consistently  launches 
the  ILP  with  this  bias.  The  other  jump  components  did  not  show  a  consistent  bias  of  the 
jump  components,  particularly  when  compared  to  their  individual  dispersions. 
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Figure  22.  Displacement  from  bore  centerline  (vertical  plane). 
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While  the  bias  in  the  jump  components  indicates  the  average  or  mean  behavior  of  the 
jump  components,  it  is  also  very  important  to  consider  the  variability  or  dispersion  of  each 
jump  component.  Figure  23  displays  the  dispersions  for  AJ,  SD  and  CG  for  the  five  shot 
group  where  muzzle  x-rays  were  available.  AJ  and  CG  jump  component  dispersions  are 
larger  in  the  vertical  plane  than  in  the  horizontal  plane.  The  component  dispersion  due  to 
SD  is  about  30%  larger  in  the  horizontal  direction  than  in  vertical  direction.  Differences  in 
the  sabot  discard  disturbance  in  the  vertical  and  horizontal  planes  are  not  unexpected  since 
the  sabot  halves  are  split  in  the  vertical  plane  and  separate  from  the  subprojectile  in  the 
horizontal  plane. 
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Figure  23.  Jump  component  dispersions  (CG,  AJ,  SD)  for  shots  20,  24—26,  and  27. 

As  discussed  previously,  the  sum  of  the  squares  of  the  individual  jump  components 
should  be  equal  to  the  square  of  the  target  impact  dispersion  for  normally  distributed  data 
that  exhibits  no  significant  cross  correlations.  Figure  24  displays  the  contribution  of  each 
jump  component  dispersion  squared  as  compared  to  the  sum  of  the  squares  of  the  individual 
component  dispersions.  In  the  horizontal  plane,  the  square  of  the  sabot  discard  dispersion 
contributes  70%  to  the  sum  of  the  individual  dispersions  squared.  This  indicates  that  if 
the  sabot  discard  dispersion  could  be  eliminated  completely,  the  target  impact  dispersion 
could  be  reduced  to  55%  (vTT^^IO?^  x  100%)  of  the  current  value  in  the  absence  of  cross 
correlation.  Conversely,  relatively  little  reduction  in  the  target  impact  dispersion  would  be 
expected  by  eliminating  the  SD  dispersion  in  the  vertical  plane,  which  is  dominated  by  the 
CG  and  AJ  dispersions. 
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Figure  24.  Percentage  comparison  of  jump  component  dispersions  (CG,  AJ,  SD)  for  shots 
20,  24-26,  and  27. 

An  equivalent  LD  vector  can  be  constructed  from  the  CG  and  SD  jump  vectors  for  the 
same  group  of  shots.  The  resulting  dispersion  of  the  equivalent  LD  vector  for  this  five  shot 
group  is  0.71  mil  in  the  horizontal  plane  and  0.84  mils  in  the  vertical  plane.  It  is  interesting 
to  note  that  the  dispersion  of  the  LD  jump  is  less  than  the  dispersion  of  the  SD  component 
alone  in  the  horizontal  direction  and  less  than  the  CG  component  alone  in  the  vertical 
direction.  This  suggests  a  beneficial  cross  correlation  between  the  CG  and  SD  dispersions, 
which  reduces  their  combined  effect  as  represented  by  the  relatively  low  LD  dispersion. 

The  LD  vector  was  also  utilized  to  analyze  the  larger  set  of  data,  which  included  shots 
where  muzzle  x-rays  were  not  available.  As  a  means  of  evaluating  the  jump  data  as  a  function 
of  launch  velocity,  the  shots  were  categorized  as  either  low,  medium,  or  high  muzzle  velocity. 
Shots  19,  20,  24,  and  27  made  up  the  low  muzzle  velocity  group  with  muzzle  velocities 
between  825  and  850  m/s.  The  high  muzzle  velocity  group,  which  ranged  from  1,275  to 
1,800  m/s  consisted  of  shots  33,  35,  37,  38,  and  39.  All  other  rounds  were  categorized  as 
medium  muzzle  velocity,  having  muzzle  velocity  between  1,000  and  1,200  m/s.  Furthermore, 
medium  muzzle  velocity  shots  were  partitioned  into  two  subgroups,  according  to  whether 
the  bore  was  maintained  (i.e.,  honed)  between  shots.  The  first  subgroup,  medium  muzzle 
velocity  “A”,  consisted  of  shots  21,  22,  23,  25,  and  26,  while  shots  28  through  32  made  up 
the  medium  muzzle  velocity  “B”  group. 

The  dispersion  of  the  AJ  and  LD  components  as  a  function  of  average  launch  velocity 
for  shots  19  through  39  is  shown  in  Figure  25.  The  discontinuity  in  the  plot  at  1,100  m/s 
is  at  a  point  in  the  testing  where  minor  revisions  were  made  to  the  armature.  Changes  to 
the  manufacturing  procedures  included  smaller  tolerances  on  the  subprojectile  driving  lands 
of  the  armature,  a  procedural  change  in  machining  the  armature  halves,  and  an  increase  to 
the  interference  fit  (i.e.,  tighter  fit)  of  the  contacts  to  the  bore.  The  results  suggest  that 
tolerances  at  the  interface  between  the  sabot  and  subprojectile  may  play  aon  important  role 


□  CG 

□  SD 
■  AJ 


Azimuth  Elevation 


33 


in  the  mechanical  disengagement  of  the  sabot  from  the  subprojectile  as  the  projectile  enters 
free  flight.  The  LD  and  AJ  jump  component  dispersions  are  larger  in  the  vertical  direction 
than  in  the  horizontal  direction.  The  general  trend  appears  to  indicate  an  increase  in  the 
jump  component  dispersions  with  velocity.  This  trend  was  also  seen  in  the  target  impact 
dispersion.  Within  either  the  vertical  or  horizontal  planes,  the  launch  dynamics  component 
dispersion  is  roughly  the  same  magnitude  as  the  aerodynamic  jump  component  dispersion. 


Figure  25.  Dispersion  for  AJ  and  LD  jump  components  as  a  function  of  average  launch 
velocity. 

Although  the  jump  components  due  to  sabot /armature  discard  could  not  be  directly 
measured,  it  was  possible  to  qualitatively  assess  the  disturbance  due  to  the  sabot/armature 
discard.  In  Figure  26,  the  fitted  free-fiight  yawing  motions  and  the  angles  as  measured 
in  the  x-rays  for  the  six-fin  configuration  are  plotted  as  a  function  of  range.  There  were 
no  aerodynainic  features  incorporated  on  this  armature  to  ensure  reliable  separation.  It  is 
clear  that  close  to  the  muzzle,  but  before  the  armature  begins  to  discard,  the  angular  rates 
produced  by  the  muzzle  launch  disturbances  would  produce  an  amplitude  of  5°  according 
to  the  fit  of  the  x-ray  data.  However,  shortly  after  the  second  x-ray  station,  the  armature 
separates  from  the  round  and  the  angular  rate  has  changed  significantly.  By  12  m,  the 
impulse  associated  with  the  armature  discard  at  5  m  has  begun  to  manifest  itself  as  a  larger 
amplitude  angle  as  the  round  enters  free  flight.  Because  of  the  large  amplitude  in  the  yawing 
motion  associated  with  this  shot,  the  effect  of  the  discard  was  obvious.  Design  changes 
made  to  the  separation  scoop  and  rod-armature  interface  after  shot  16  resulted  in  improved 
discard. 
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Figure  26.  Fitted  free-flight  (solid  line)  and  muzzle  (dashed  line)  yaw  amplitude  for  shot 
16. 


Since  the  barrel  is  assumed  to  be  rigid,  the  yawing  motion  determined  by  the  x-rays 
is  thought  to  be  caused  by  in-bore  balloting  forces  and  deviation  from  the  bore  centerline 
acting  on  the  ILP  center  of  gravity.  On  the  other  hand,  the  yawing  motion  associated  with 
free  flight  includes  the  armature  discard  event  eind  represents  the  final  angular  motion  of 
the  round.  In  Figure  27,  the  maximum  angular  rates  for  shot  25  and  26  are  plotted.  The 
free-flight  rates  are  noticeably  larger  than  those  measured  by  the  x-rays.  This  verifies  that 
the  discard  event  is  able  to  produce  enough  force  to  significantly  alter  the  round’s  angular 
rate  just  as  it  enters  free  flight.  Similar  observations  are  made  for  the  velocity  group  at 
826  m/s.  On  average,  63%  of  the  magnitude  of  this  disturbance  is  oriented  in  the  vertical 
direction.  It  is  suspected  that  the  increased  disturbance  in  the  vertical  direction  is  initiated 
by  the  armature  discard  in  the  horizontal  direction  and  transformed  by  a  rotation  about  the 
longintudal  axis  of  the  armature  halves  into  a  displacement  of  the  subprojectile  in  the  vertical 
direction.  In  the  time  interval  between  the  disengagement  of  the  ILP  from  the  launcher  and 
completion  of  armature  discard,  initial  angles  and  angular  rates  are  established  in  the  ILP. 
In  Figure  28,  the  separation  distance  between  the  subprojectile  and  the  front  of  the  armature 
as  a  function  of  range  is  plotted.  The  plot  includes  data  from  many  tests  covering  a  wide 
range  of  initial  conditions  (peak  current,  exit  current,  and  velocity),  as  well  as  different 
measurement  techniques  (yaw  cards,  x-rays,  and  smear  cameras).  However,  for  the  first  3.5 
m  and  over  a  wide  range  of  velocities,  the  front  of  the  armature  has  separated  less  than  a 
few  rod  diameters  away  from  the  body  of  the  rod.  Also,  the  reax  of  the  armature  has  not 
started  to  move  away  from  the  rod  body  until  2.5  m  downrange.  After  4  m,  the  slope  of  the 
displacement  data  dramatically  changes  as  the  discard  event  proceeds.  The  position  of  each 
armature  half  varies  very  little  as  a  function  of  range  despite  the  widely  varying  velocities, 
exit  currents,  and  initial  conditions. 
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Figure  27.  Muzzle  and  maximum  free-flight  angular  rates  for  shots  25  and  26. 
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Figure  28.  Separation  distance  between  the  subprojectile  and  the  front  of  armature. 
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5.  Target  Impact  Dispersion  and  Accuracy 


The  variability  of  impact  locations  on  a  target  is  called  the  round-to-round  dispersion. 
In  weapon  system  analysis,  dispersion  measures  the  precision  of  fire,  and  large  values  can 
significantly  degrade  a  weapon  system’s  lethality.  Normally,  a  weapon  system’s  dispersion 
and  accuracy  are  evaluated  by  firing  a  large  number  of  rounds  at  targets  located  at  typical 
engagement  ranges.  Although  the  data  discussed  in  this  paper  does  not  meet  the  require¬ 
ments  for  a  true  dispersion  and  accuracy  test,  the  data  can  yield  valuable  information  on  the 
potential  dispersion  and  accuracy  characteristics  related  to  the  launcher  and  ILP.  Such  data 
can  be  useful  in  highlighting  potential  areas  for  improving  the  accuracy  of  the  gun  system 
early  in  its  development. 


To  make  maximum  use  of  the  available  data,  all  impact  points  (yaw  card  and  armor 
plate)  in  the  projectile’s  flight  path  are  considered  to  assess  dispersion.  The  impact  data  for 
each  shot  consisted  of  impact  locations  in  azimuth  and  elevation  at  (1)  several  yaw  cards 
positioned  along  the  projectile’s  trajectory;  (2)  a  plywood  target  (shots  24-27  only);  and  (3) 
a  steel  target  located  at  222  m,  although  not  all  shots  impacted  all  the  available  targets.  In 
general,  the  dispersion  computed  at  each  target  was  in  good  agreement  with  the  dispersion 
computed  at  the  downrange  target.  For  instance,  for  the  medium  velocity  group  “B”  (shots 
28-32),  the  horizontal  and  vertical  dispersion  computed  at  the  30  m  target  was  0.73  mils 
and  1.75  mils  respectively,  compared  to  the  horizontal  and  vertical  dispersions  of  0.70  mils 
and  1.99  mils  at  the  downrange  target.  The  effect  of  gravity  (in  effect,  the  dispersion  due  to 
variations  in  launch  velocity)  was  removed  from  each  vertical  impact  location. 


Computation  of  dispersion  at  any  target  (yaw  card  or  armor)  requires  the  impact  lo¬ 
cations  of  multiple  rounds.  Within  the  same  shot  group,  the  round-to-round  dispersion 
estimates  at  each  downrange  target  were  pooled  to  obtain  a  more  stable  overall  estimate 
of  dispersion.  This  pooled  estimate  was  also  weighted  by  target  distance,  so  that  farther 
targets,  where  the  transients  from  launch  have  diminished,  have  greater  influence  on  the  cal¬ 
culated  dispersion.  The  formula  for  each  group’s  pooled  round-to-round  dispersion  estimate, 
CTp,  is 


OTp 


E  di{ni  -  l)af 
J2di{ni  -  1) 


(18) 


where  di  is  the  distance  to  target  i,  Ui  is  the  number  of  rounds  that  impacted  target  i,  and 
cr,-  is  the  round-to-round  dispersion  estimate  at  target  station  i.  In  Figure  29,  the  round-to- 
round  dispersion  estimate  is  plotted  as  a  function  of  the  average  muzzle  velocity  for  each  of 
the  four  shot  groups.  Similar  to  the  data  in  the  jump  survey,  the  target  impact  dispersion 
is  larger  in  the  vertical  direction  and  increases  as  a  function  of  muzzle  velocity  in  both  the 
horizontal  and  vertical  directions.  While  it  is  mathematically  possible  to  perform  a  linear 
regression  analysis  on  these  data  to  obtain  extrapolated  estimates  of  dispersion  at  1,850  m/s, 
such  an  approach  is  not  recommended  for  two  reasons.  First,  the  error  of  prediction  when 
using  such  a  small  number  of  points  is  usually  very  high.  Second,  the  high  muzzle  velocity 
group  spans  a  wider  range  of  muzzle  velocities  than  all  other  rounds  from  the  other  three 
groups.  All  information  concerning  the  relationship  between  muzzle  velocity  and  dispersion 
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Figure  29.  Target  impact  dispersion  in  azimuth  and  elevation  (confidence  intervals  are 
indicated  at  1,850  m/s). 

in  the  1,200-m/s  to  1,800-m/s  range  is  lost  when  the  data  are  condensed  to  a  single  point. 

As  an  alternate  approach,  each  of  the  four  shot  groups  was  partitioned  into  smaller 
groups,  thus  generating  more  points  for  the  plot  of  average  muzzle  velocity  versus  dispersion. 
The  analysis  considered  all  possible  partitions  of  sizes  two  and  three  within  each  shot  group. 
When  forming  the  partitions,  the  restriction  that  no  partition  could  contain  shots  with 
muzzle  velocities  differing  by  more  than  270  m/s  is  made.  Under  this  rule,  1,890  distinct 
rearrangements  of  the  data  are  subjected  to  a  weighted  linear  regression.  This  analysis 
strategy  produces  a  collection  of  dispersion  estimates  at  1,850  m/s  instead  of  a  single  value. 
Using  the  5th  and  95th  percentiles  of  these  1,890  values,  one  obtains  90%  confidence  intervals. 
These  intervals  are  (1.8,  2.3)  mils  in  azimuth  and  (2.4,  3.7)  mils  in  elevation  and  are  indicated 
in  Figure  29,  along  with  the  median  values  of  2.0  mils  in  azimuth  and  3.0  mils  in  elevation. 

The  target  impact  dispersions  are  much  less  than  the  square  root  of  the  sum  of  the 
squares  of  the  individual  jump  component  dispersions  discussed  in  the  previous  section.  It 
is  suspected  that  a  beneficial  cross  correlation  exists  between  the  jump  components,  thereby 
producing  a  more  favorable  dispersion  at  the  target.  The  individual  dispersions  are  nonlin- 
early  coupled  and  result  in  a  target  dispersion  that  is  much  smaller  that  those  values  shown 
in  Figure  23.  Further  discussion  on  cross  correlation  can  be  found  in  Plostins,  Celmins,  and 
Bornstein.23 

The  accuracy  of  the  subprojectile  is  measured  by  its  impact  location  relative  to  the  aim 
point.  The  subprojectiles  tended  to  impact  to  the  left  of  the  aim  point  and  were  scattered 
about  the  aim  point  in  the  vertical  direction.  Statistical  regression  analysis  confirms  that 
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muzzle  velocity  and  impact  location  data  are  not  related  in  either  direction.  Therefore, 
regardless  of  the  launch  velocity,  the  estimated  impact  is  given  by  the  means  of  the  data, 
namely,  1.2  mils  to  the  left  in  azimuth  and  0.2  mil  upward  in  elevation. 

During  shots  28-32,  no  bore  maintenance  (honing)  was  performed,  although  on  the 
other  firings,  bore  maintenance  was  performed  between  shots.  An  attempt  to  assess  the 
effect  of  bore  maintainence  on  the  target  impact  performance  was  made  by  comparing  target 
impact  performance  on  shots  28-32  with  the  performance  on  previous  medium  velocity  shots 
(21-23,  25,  and  26)  where  bore  maintenance  was  performed  between  each  shot.  Figures  30 
and  31  show  the  vertical  and  horizontal  impact  locations  for  each  shot,  as  well  as  the  mean 
impact  location  for  each  group.  The  impact  dispersion  for  the  two  groups  is  quite  similar 
(0.74  mils  and  0.73  mils  in  the  horizontal  direction  and  1.73  mils  and  1.75  mils  in  the  vertical 
direction  for  the  honed  and  nonhoned  groups,  respectively).  In  the  horizontal  direction,  the 
deflection  from  the  original  aim  point  is  increased  by  one  standard  derivation,  while  the 
deflection  in  the  vertical  is  reduced  by  slightly  less  than  one  standard  deviation.  The  data 
indicate  that  for  the  current  system  fired  at  medium  velocities,  the  effect  of  bore  maintenance 
on  the  target  impact  dispersion  could  not  be  discerned.  The  effect  of  bore  maintenance  may 
become  more  apparent  with  further  reductions  in  the  svstem  impact  dispersion. 
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Figure  30.  Vertical  target  impact  locations  with  and  without  honing  between  shots,  30-35  m 
targets. 
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Figure  31.  Horizontal  target  impact  locations  with  and  without  honing  between  shots, 
30-35-m  targets. 


6.  Terminal  Performance 


Penetration  requirements  for  CCEMG  are  given  in  Table  1.®  After  shot  27,  a  high- 
hard  armor  (HHA)  target  assembly  was  placed  downrange  just  ahead  of  the  20-mm-thick, 
mild  steel  impact  target.  The  armor  target  consisted  of  a  32-mm  high-hard  plate  at  60° 
obliquity.  A  yaw  card  was  placed  directly  in  front  of  the  HHA  target  to  monitor  the  AoA 
at  impact.  Five  of  11  rounds  hit  the  HHA  target,  producing  three  partial  penetrations 
(PP)  and  two  complete  perforations  (CP).  Figure  32  shows  a  front  view  of  the  armor  plate 
with  the  five  impacts.  The  impact  data  was  used  to  compute  an  effective  value  of  rolled 
homogeneous  armor  (RHA)  penetration  from  the  combined  HHA  and  steel.24  Figure  33 
shows  the  expected  terminal  ballistic  performance  of  the  subprojectile  as  a  function  of  range 
for  zero-yaw  impacts.  The  penetration  decreases  with  range  due  to  the  decreasing  velocity 
of  the  subprojectile.  Also  shown  are  the  measured  data  from  the  five  shots  that  impacted 
the  target.  The  striking  yaw  angle  is  indicated  next  to  the  measured  data.  An  effective 
range  location  is  used  for  plotting  the  measured  data.  This  effective  range  is  determined 
by  matching  actual  impact  velocity  to  the  experimentally  determined  velocity  vs.  range 
relationship  assuming  a  launch  velocity  of  1850  m/s.  The  measured  penetration  data  is 
about  17%  below  the  expected  terminal  ballistic  performance  because  of  the  projectile’s 
sensitivity  to  yaw  effects  at  the  target  due  in  part  to  the  sharp  nose  (6°  conical  half  angle). 
The  fit  to  the  impact  data  with  the  measured  retardation  suggests  that  the  round  is  capable 
of  meeting  the  penetration-at-range  requirements.  Data  for  a  medium  caliber  conventionally 
launched  round  is  also  plotted  in  the  figure.  The  conventional  round  penetrates  less  RHA 
at  the  same  range  as  the  CCEMG  round  due  to  its  lower  launch  velocity  of  1350  m/s.  For 
the  same  level  of  terminal  performance,  the  CCEMG  round  extends  the  range  by  roughly 
3,000  m  compared  to  the  conventional  round. 
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Figure  32.  Front  view  of  armor  target  and  five  subprojectile  impacts. 
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Figure  33.  Terminal  performance  of  the  ILP  subprojectile  as  a  function  of  effective  range. 
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7.  Summary 


The  results  presented  in  this  report  document  the  first  comprehensive  evaluation  of 
launch  and  flight  performance  of  an  EM  gun  launched  tactical  projectile.  Experimental 
techniques  developed  for  conventional  propellant  gun  systems  have  been  adapted  to  quantify 
the  launch  disturbances  of  the  current  EM  gun  system  and  their  effects  on  terminal  accuracy 
and  dispersion.  Despite  initial  concerns  regarding  the  potentially  devastating  effects  of  arcing 
at  the  muzzle,  IIP  and  barrel-curvature  interaction,  and  armature  contact  transition,  the 
round  was  successfully  fired  through  the  range  on  each  of  the  39  shots  performed  as  part  of 
the  current  program.  This  effort  represents  the  only  U.S.  electric  gun  program  to  launch, 
fly,  and  impact  a  tactical  projectile  configuration  on  a  realistic  target  at  a  range  appropriate 
for  a  cannon-caliber  munition. 

The  importance  of  testing  as  part  of  the  design  cycle  was  demonstrated  during  the 
CCEMG  program.  For  example,  the  quality  of  the  armature  discard  and  flight  dynamics 
was  vastly  improved  by  jointly  redesigning  the  ILP  with  Kaman  Science  Corporation  during 
testing.  It  is  doubtful  that  the  initial  design  (i.e.,  the  six-fin  subprojectile  and  the  baseline 
armature)  would  have  survived  high-current  operation.  Only  through  continued  testing  was 
it  possible  to  rapidly  turn  design  modifications  into  fully  functional  hardware. 

The  capacitor-based  pulsed  power  supply  was  improved  upon  throughout  the  duration 
of  the  test  program.  At  the  initiation  of  testing  the  pulsed  power  supply  had  a  energy 
capacity  of  800  kJ.  At  the  completion  of  testing  the  maximum  energy  capacity  was  1.6  MJ 
and  was  operated  at  91%  of  the  maximum  charge  voltage.  Furthermore,  the  muzzle  switch, 
comprised  of  electronics,  explosives,  and  hardware,  was  successfully  incorporated  to  allow 
high-current  operation  of  the  launcher  and  ILP. 

The  results  presented  in  this  report  indicate  potential  for  a  medium-caliber  EM  weapon 
system.  The  ILP  has  been  launched  at  96%  of  its  design  velocity  and  86%  of  its  design  peak 
axial  acceleration.  Instrumentation,  including  radar,  orthogonal  multistation  flash  x-ray, 
smear  and  high-speed  cameras,  and  yaw  cards,  was  incorporated  as  part  of  the  test  matrix. 
The  data  from  this  equipment  proved  essential  in  diagnosing  the  ILP  behavior. 

Limited  but  sufficient  data  was  acquired  for  each  shot  group  to  determine  the  relative 
contributions-for  the  components  of  the  jump  survey,  namely  CG,  SD,  and  AJ.  The  jump 
component  dispersions  and  target  impact  dispersions  are  larger  in  the  vertical  direction  than 
in  the  horizontal  direction.  The  taxget  impact  dispersion  was  found  to  increase  with  velocity 
at  a  rate  of  roughly  1.4  mils/km/s.  The  AJ  components  of  jump  were  also  found  to  increase 
with  velocity  at  nearly  the  same  rate.  The  target  impact  dispersion  for  the  CCEMG  ILP  at  a 
similar  caliber  conventional  launch  velocity  is  estimated  to  be  1.3  mils  in  azimuth  and  2.3  mils 
in  elevation.  Conventional  rounds  have  much  lower  dispersion,  albeit  with  considerably  more 
time  allocated  to  testing  and  development. 

The  results  from  the  jump  survey  indicate  that  the  individual  component  dispersions  can 
be  reduced  with  further  engineering.  For  example,  the  aerodynamic  jump  can  be  decreased 
by  judiciously  increasing  the  fin  area.  Some  portion  of  the  sabot  discaxd  disturbance  can  be 
minimized  through  quality  control  of  the  ILP  tolerances. 
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Maximum  free-fligiit  angular  rates  are  less  than  2.5°/m,  with  an  average  for  all  the  shots 
of  1.2°/m.  These  rates  are  comparable  to  rates  generated  by  similar  caliber  conventional 
launchers.  Sabot  discard  disturbance  is  the  significant  contributor  to  the  maximum  free- 
fiight  angular  rates.  On  average,  more  than  half  the  rate  due  to  sabot  discard  disturbance 
is  located  in  the  vertical  direction. 

In  the  vertical  direction,  the  CG  and  AJ  jump  components  each  contribute  roughly  40% 
towards  the  target  impact  dispersion.  In  the  horizontal  direction  the  SD  component  is  the 
dominant  contributor  at  70%  while  the  component  due  to  aerodynamic  jump  is  the  smallest 
and  contributes  less  than  10%  to  the  total  dispersion.  It  is  believed  that  the  forces  that 
cause  the  linear  and  angular  disturbances  originate  in  the  direction  of  sabot  separation.  The 
electrodynamics  associated  with  launcher  disengagement  can  be  a  potential  source  affecting 
the  sabot  discard  process.  Inefficient  aerodynamic  features  also  contribute.  Minimizing  the 
disturbance  and  the  duration  of  the  interaction  between  the  subprojectile  and  the  armature 
should  lead  to  decreased  jump  and  dispersion. 

Unlike  acceleration  in  a  conventional  gun,  the  CCEMG  sabot  petal  is  not  in  a  constant 
state  compression  in  the  horizontal  direction  (i.e.,  insulator  plane).  In  a  solid  armature 
railgun,  the  bore  insulators  provide  a  guide  for  the  ILP.  This  offers  an  explanation  for  the 
lower  bias  and  dispersion  observed  in  the  horizontal  plane  for  the  CG  jump  component. 
There  may  also  exist  significant  cross  correlations  between  the  jump  components.  However, 
the  quantity  of  the  x-ray  data  was  insufficient  to  determine  the  interactions  between  the 
jump  components. 

CCEMG  is  designed  to  operate  in  a  multishot  mode.  The  test  results  discussed  in  this 
report  cover  single-shot  operation.  Remaining  issues  to  be  addressed  include  tests  with  the 
launcher  in  a  recoil  mount  and  a  liquid-cooled  multishot  launcher.  It  is  expected  that  the 
pointing  angle  (PA)  and  crossing  velocity  (CV)  contributions  to  the  CG  jump  will  not  be 
negligible. 
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